Histone H3 phosphorylation is a downstream response to activation of the Ras/mitogen-activated protein kinase (MAPK) pathway. This modification is thought to have a role in chromatin remodeling and in the initiation of gene transcription. In MCF-7 breast cancer cells, we observed that phosphorylated histone H3 (phospho-H3) at Ser 10 but not Ser 28 increased with phorbol ester (12-O-tetradecanoylphorbol-13-acetate, TPA) treatment. Although phosphorylated extracellular signal-regulated kinase 1/2 levels in these cells cultured under estradiol deplete and replete conditions displayed no change, a significant induction was observed after TPA treatment. Furthermore, whereas both estradiol and TPA increased trefoil factor 1 (TFF1) mRNA levels in these cells, only TPA-induced and not estradiol-induced TFF1 expression was inhibited by the H3 kinase mitogen and stress activated protein kinase (MSK) inhibitor H89 and MAPK kinase inhibitor UO126, showing the involvement of the Ras/ MAPK following TPA induction. Mutation of the activator protein 1 (AP-1) binding site abrogated the TPA-induced transcriptional response of the luciferase reporter gene under the control of the TFF1 promoter, showing the requirement for the AP-1 site. In chromatin immunoprecipitation assays, estradiol treatment resulted in the association of the estrogen receptor-A (ERA) and acetylated H3 with the TFF1 promoter. The levels of phospho-H3 and MSK1 associated with the TFF1 promoter were moderately increased. In the presence of TPA, whereas ERA was not bound to the promoter, a strong association of acetylated and/or phospho-H3, MSK1, and c-Jun was observed. These results show that although both stimuli lead to TFF1 gene activation, estradiol and TPA exert their effects on TFF1 gene expression by different mechanisms.
Introduction
Many cellular processes fall under the tight regulation of the Ras/mitogen-activated protein kinase (MAPK) pathway, and it has been reported that its persistent activation can result in the chromatin remodeling and altered gene expression observed in cancer (1, 2) . Growth factors (epidermal growth factor, EGF) and phorbol esters (12-O-tetradecanoylphorbol-13-acetate, TPA) activate the Ras/MAPK pathway [Ras/Raf/MAPK kinase (MEK)/ extracellular signal-regulated kinase (ERK)]. EGF, but not TPA, also weakly activates c-Jun NH 2 -terminal kinase/stress-activated protein kinases (JNK/SAPK) and p38. Stimulation of the Ras/Raf/ MEK/ERK signaling cascade activates mitogen and stress activated protein kinase 1/2 (MSK1/2), resulting in the phosphorylation of downstream targets, such as transcription factors and nucleosomal proteins. One downstream event is the phosphorylation of the basic NH 2 -terminal tail of histone H3 at Ser 10 and Ser 28 (H3 pS10 and H3 pS28; ref. 3) . Both phospho-modified forms of H3 have been shown to have significant roles in chromosome condensation during mitosis in many organisms, and H3 pS10 has been directly associated with the immediate early gene induction in mouse fibroblasts (4) (5) (6) . The investigation of H3 phosphorylation in parental murine fibroblasts is well documented, but few studies (7, 8) have been conducted to ascertain its function in human breast cancer cells. Furthermore, the mechanistic involvement of the Ras/MAPK pathway in H3 phosphorylation in breast cancer has not been shown.
Trefoil factor 1 (TFF1, formerly pS2) expression is high in estrogen receptor a (ERa)-positive breast cancer and is a useful prognostic marker associated with a favorable response to primary endocrine therapy (9) . Although the definitive role of the cysteinerich secretory TFF1 protein is lacking, it has been reported that TFF1 expression leads to efficient cell mobility that may be important for invasion and metastatic characteristics of aggressive breast cancer (10) (11) (12) . The upstream regulatory region of the TFF1 gene contains binding sites for different transcription factors that respond to diverse extracellular stimuli, such as growth factors, hormones, and phorbol esters (13) . The TFF1 gene responds to both estrogens and phorbol esters but by different mechanisms (14) . Although the chromatin remodeling events taking place during estrogen induction of the TFF1 are well characterized (15, 16) , little is known about the chromatin modifications of the TFF1 promoter occurring during induction by phorbol esters. Furthermore, although a role for the Ras/MAPK in growth factorand phorbol ester-induced TFF1 expression is apparent, the consequences of stimulation of the Ras/MAPK pathway on histone modifications bound to the TFF1 promoter have not been investigated.
Here, we show that TPA stimulation of the Ras/MAPK pathway results in the recruitment of AP-1, MSK1, but not ERa, and the increased acetylation and S10 phosphorylation of H3 associated with the TFF1 promoter.
Anti-phospho-p44/p42 MAPK, anti-p38, and anti-phospho-p38 rabbit polyclonal antibodies were purchased from Cell Signaling Technologies (Beverly, MA). Anti-ERK goat polyclonal, anti-phospho-H3 at S10, and antic-Jun (H-79) rabbit polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-MSK1 sheep polyclonal, anti-integrin a 1 mouse monoclonal, and anti-acetyl H3 at Lys 9,14 rabbit polyclonal antibodies were purchased from Upstate Biotechnology (Lake Placid, NY). Anti-ERa mouse monoclonal antibody was purchased from Novocastra (Newcastle upon Tyne, United Kingdom).
Cell culture and treatments. Hormone-dependent and ERa-positive MCF-7 human breast carcinoma cells were maintained in complete culture medium DMEM (Life Technologies, Gaithersburg, MD) as previously described (17) . Once 60% to 70% confluency was reached, cells were estrogen and serum depleted in phenol red-free DMEM (Sigma, St. Louis, MO) and supplemented with 0.1% (v/v) bovine serum albumin (Sigma) and apo-transferrin (10 Ag/mL) to drive cell population into G 0 -G 1 . Cells were either untreated, treated with 10 nmol/L 17h-estradiol, or treated with 100 nmol/L TPA as indicated in the figures. In inhibition studies, cells were pretreated with various inhibitors (50 Amol/L PD98059, 10 Amol/l UO126, or 10 Amol/L H89) in DMSO for 30 minutes alone or followed by treatment with estradiol or TPA. To arrest cells in mitosis, MCF-7 cells were cultured to 70% confluence in complete medium and treated with 0.06 Ag/mL demecolcine for 16 hours before harvesting. Cell cycle distribution was monitored by flow cytometry.
Preparation of cell extracts and total histones. Cell extracts were isolated as described previously (6, 18) . Acid extraction of histones was done as described previously (5) . Protein concentrations were determined using the Bio-Rad Protein Assay as per manufacturer's instructions (Hercules, CA).
Electrophoresis and immunoblotting. Proteins were resolved by SDS (10% and 15%)-PAGE and visualized either by Coomassie blue staining or by transfer to nitrocellulose membrane and immunochemical staining with various antibodies as per manufacturers' instructions. Enhanced chemiluminescence kits were purchased from Perkin-Elmer (Boston, MA) or from Amersham Biosciences (Piscataway, NJ) for quantitative analysis using the Storm phosphorimager.
Nascent RNA labeling and fluorescence microscopy. Active transcription sites were labeled by incorporation of 5-fluorouracil (5-FU) into nascent RNA as previously described (19, 20) . Briefly, MCF-7 cells were maintained on coverslips with phenol red-free DMEM for 3 days before 100 nmol/L TPA treatment and 2 mmol/L 5-FU (Sigma) labeling for 30 minutes at 37jC. To detect the labeled nascent RNA, the mouse monoclonal antibromodeoxyuridine (anti-BrdUrd; Sigma) was used as primary antibody and was detected by the secondary antibody Alexa 488 anti-mouse IgG (Molecular Probes, Eugene, OR). H3 pS10 was stained with rabbit polyclonal antibody and detected by the secondary Cy3-conjugated goat anti-rabbit IgG antibody (Sigma). Subsequently, the coverslips were mounted onto glass slides using prolong anti-fade (Molecular Probes), and the DNA was counterstained with 4V 6-diamidino-2-phenylindole. To verify the specificity of our immunodetection of nascent RNA, the following immunostaining control experiments were satisfactorily done: (a) no labeling and no primary antibody, (b) no labeling but with anti-BrdUrd antibody incubation, (c) with labeling but without anti-BrdUrd incubation, and (d) with labeling followed by RNase A digestion. Fluorescent images were captured on AxioPhot II microscopes with an AxioHRm Camera, and then the stack of images was deconvolved with a Constrained Iterative Algorithm with AxioVision software (Carl Zeiss, Thornwood, NY). Indirect immunofluorescent detection of H3 pS28 in cycling MCF-7 cells was carried out as previously described (3) .
RNA preparation and reverse-transcription PCR. RNA from MCF-7 cells treated as described above was isolated and converted to cDNA as previously described (17) . PCR reactions with primer sets corresponding to TFF1 intron A-exon 2 and cyclophilin 33 exon 2 were carried out as described previously with 1 to 3 AL cDNA template to ensure linear amplification (17) . Products were resolved on a 1.8% (w/v) agarose gel and stained with ethidium bromide. Intensity analysis was carried out using Kodak Imaging Station 440. TFF1 band intensities were standardized relative to cyclophilin 33 levels for each sample. The uninduced samples were set as one, and ratios for each induction time point were calculated relative to the untreated time point to obtain the fold induction.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation assays were done as described previously (5, 17, 21) . Input DNA before immunoprecipitation and chromatin immunoprecipitation DNA were isolated with QIAquick PCR Purification kit (Qiagen, Chatsworth, CA) and analyzed by PCR using primers for TFF1 promoter amplifying a 385-bp fragment. PCR reactions were consistently monitored to ensure linearity.
Cloning, transient transfection, and reporter assays. The pGL3 luciferase reporter plasmid containing a TFF1 promoter insert (pTFF1-luc) was constructed as described previously (17) . The AP-1 DNA sequence located upstream of the proximal TFF1 promoter was mutated using the ExSite PCR-Based Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) following manufacturer's protocol. The modified forward 5V -GGCCATCTCT-CACTACTCGAGCCTCCTGCAGTG-3V and reverse 5V -CACTGCAGAAGGC-TCGAGGTATGAGAGATGGCC-3V (22) primers (mutations are underlined) were used to obtain the AP-1-mutated TFF1 promoter plasmid (pTFF1-DAP-1-Luc). The estrogen response element (ERE) DNA sequence located upstream of the proximal TFF1 promoter of pTFF1-Luc was mutated with the Pfu DNA polymerase (Stratagene) using the primers 5V -TAGAATTCCA-TATACCCCGTGA-3V and 5V -ATATGGAATTCTATTGCAGGG-3V (mutations underlined) to obtain the pTFF1-DERE-Luc plasmid.
MCF-7 clone 11 cells were cultured and transfected as previously described with modifications (17) . Briefly, cells were cultured for 4 days in estrogen-depleted medium and transferred in six-well plates 24 hours before transfection in phenol red-free DMEM with 7% charcoal dextran-treated DMEM. At 60% confluence, cells were transfected using Polyplus transfection reagent (jetPEI) according to manufacturer's instruction using 2.5 Ag of reporter plasmid and 0.5 Ag of control pCMXbgal. After 24 hours, the cells were washed and given fresh phenol red-free DMEM containing 7% charcoal dextran-treated fetal bovine serum with either 10 nmol/L estradiol or 100 nmol/L TPA for 24 hours. Luciferase and h-galactosidase assays were done as described previously (17) .
Results
TPA but not estradiol activates the Ras/MAPK pathway in MCF-7 cells. To determine the stimulatory effect of estrogens and TPA on the Ras/MAPK pathway in epithelial human breast cancer cells, estrogen-dependent MCF-7 cells were cultured under serumand estrogen-depleted conditions. As EGF, but not TPA, weakly activates JNK/SAPKs and p38, we used TPA to stimulate the Ras/ MAPK in MCF-7 cells. A time course treatment with estradiol at physiologic concentrations displayed no significant increase in phospho-ERK1/2 levels, a hallmark of activated Ras/MAPK signaling (Fig. 1A) . Furthermore, no change in total MSK1 protein levels was observed, but phospho-p38 levels displayed an increase in the presence of estradiol (6-to 7-fold at 5 minutes; Fig. 1A ). In contrast, TPA treatment of these cells triggered an immediate and robust elevation in levels of phospho-ERK1/2 (7-to 8-fold at 30 minutes; Fig. 1B ). Activated phospho-p38 was not detected. To verify that TPA up-regulation of MAPK occurs through the Ras/ Raf/MEK pathway, we used two potent MEK inhibitors PD98059 and UO126 (23) . Treatment of cells with either agent before TPA stimulation prevented the TPA-induced increase of phospho-ERK, showing that TPA stimulation occurs through the Ras/MAPK pathway in these cells (Fig. 1C) .
Histone H3 phosphorylation at Ser 10 is increased by TPA. In mouse fibroblasts, H3 pS10 and pS28 is detected in interphase and mitotic cells (3) . In indirect immunolocalization studies, we repeated these analyses with MCF-7 cells cultured in complete media. H3 pS10 had a punctate distribution throughout the interphase nuclei of MCF-7 breast cancer cells ( Fig. 2A, arrows, top inset) and showed a widespread condensed staining in G 2 or mitotic phase ( Fig. 2A , white arrowheads) in agreement with previous reports (24, 25) . In contrast, H3 pS28 was not detected in interphase nuclei, although its staining in G 2 -M cells seemed to be similar to that of H3 pS10 ( Fig. 2A, bottom inset) . Immunoblot analyses of MCF-7 acid-extracted histones isolated from cycling cells confirmed the lack of H3 pS28 in interphase cells (Fig. 2B) . The intense staining observed for H3 pS10 and pS28 in condensed regions of chromatin during mitosis was also confirmed by the elevated levels of both phospho-modified forms in colcemidarrested cells (Fig. 2B) . These results are in accordance with other studies showing that the staining of nuclei immunochemical stained with antibodies to H3 pS10 or pS28 becomes very intense (3, 24) . These observations show that unlike mouse fibroblasts, only H3 pS10 is detected in interphase MCF-7 cells.
The effect of TPA treatment of estrogen-and serum-deprived MCF-7 cells on H3 pS10 levels was determined in immunoblot experiments. Under these conditions, flow cytometry analyses revealed that 73% of the cells were in G 0 -G 1 phase of the cell cycle, with <9% of the cells being in the G 2 -M phase. A low level of H3 pS10 was detected before treatment (Fig. 2C) . TPA treatment increased H3 pS10 levels (4.2-fold; Fig. 2C ). This observation shows that stimulation of the Ras/MAPK signaling pathways increases the level of H3 pS10.
TPA-induced H3 phosphorylation is adjacent active transcription sites in MCF-7 cells. The TPA-induced stimulation of H3 pS10 was also examined by indirect immunofluorescence microscopy and image deconvolution in MCF-7 breast cancer cells. MCF-7 cells cultured in estrogen-and serum-deplete conditions displayed a punctate distribution of H3 pS10. The number of these foci clearly increased upon addition of TPA for 30 minutes (Fig. 3) , consistent with the immunoblot analysis (Fig. 2C) . To determine whether H3 pS10 was positioned next to newly synthesized RNA, 5-FU was incorporated into nascent RNA transcripts of MCF-7 cells Figure 2 . Histone H3 phosphorylation at Ser 10 is abundant in MCF-7 cells and increases after TPA treatment. A, cycling MCF-7 cells maintained in estrogen complete DMEM medium were grown on coverslips, fixed, labeled with anti-H3 pS10 or anti-H3 pS28, and visualized by fluorescence microscopy. DNA was stained by 4V 6-diamidino-2-phenylindole (DAPI ). White arrowheads, cells in late G2 phase or mitosis; arrows, cells in interphase. Bar, 10 Am. B, acid-soluble nuclear histones (5 Ag) extracted from cycling or colcemid-treated MCF-7 cells were resolved on a SDS-15% polyacrylamide gel, transferred to nitrocellulose membrane, and stained immunochemically with anti-H3 pS10, anti-H3 pS28, or anti-total H3. C, serum-and estrogen-depleted MCF-7 cells were treated with 100 nmol/L TPA for 30 minutes. Acid-soluble nuclear histones (5 Ag) were resolved on a SDS-15% polyacrylamide gel, transferred to a nitrocellulose membrane, and stained immunochemically with anti-H3 pS10 or anti-total H3. and detected by anti-BrdUrd antibody. Deconvolved images showed that H3 pS10 foci were situated near or overlapped with active transcription sites as noted by the increase in yellow foci upon TPA stimulation (Fig. 3, insets) . Previous studies have shown that histone modification marks associated with transcription (e.g., acetylated K9 and K14 H3) were positioned next but did not coincide with the newly synthesized RNA as detected with 5-FU labeling (26) . These results provided evidence that newly phosphorylated S10 H3 was associated with transcriptionally active chromatin.
TPA-induced TFF1 expression occurs through the Ras/ MAPK pathway. The association of TPA-induced H3 pS10 with active transcription sites prompted us to investigate whether MAPK inhibitor UO126 and MSK inhibitor H89 affected estradiolor TPA-induced TFF1 gene expression. To assess the effects of MAPK inhibitors on TFF1 gene expression, we conducted reverse transcription-PCR (RT-PCR) to determine the levels of TFF1 transcripts relative to those of cyclophilin 33 (17, 27) . Treatment of MCF-7 cells cultured under serum-and estradiol-deplete conditions with estradiol or TPA resulted in an immediate and sustained increase in TFF1 gene transcription (3.0-fold for estradiol and for TPA). In the presence of H89, estradiol induction of TFF1 was unaltered (3.0-fold with H89 versus 3.0-fold at 45 minutes; Fig. 4A and C) . UO126 pretreatment did not prevent the estradiolinduced expression of the TFF1 gene (3.0-fold; Fig. 4A and C) . However, pretreatment of these cells with H89 reduced the TPAstimulated TFF1 expression (1.5-fold with H89 as opposed to 3.0-fold; Fig. 4B and D) . Furthermore, TFF1 transcription was suppressed to basal levels in the presence of UO126 (0.9-fold; Fig.  4B and D) . These results provided evidence that TPA-induced, but not estradiol-induced, expression of TFF1 occurred through the Ras/MAPK pathway.
AP-1 binding site is important for the TPA-mediated response of TFF1. The TFF1 proximal promoter contains a specific protein 1 site, an estrogen-responsive element, and an AP-1 site that contribute to conferring estrogen responsiveness ( Fig. 5A ; refs. 17, 22, 28) . To ascertain the function of the AP-1 and ERE sites in the TPA-induced activation of the TFF1 promoter, we determined the effect of mutating these elements in the transcription activation of TFF1 promoter. Wild-type and mutated TFF1 promoter/luciferase reporter constructs were transiently transfected into MCF-7. The transfection efficiencies of the reporter constructs were comparable among the three cell populations. TPA treatment stimulated the activity of the wildtype TFF1 promoter 13-fold (Fig. 5B) . Mutation of the AP-1 site nearly abolished this TPA-mediated response, whereas the ERE (Fig. 5B) . These results suggest that the TPA-induced stimulation of the TFF1 gene requires a functional AP-1 site.
H3 phosphorylated at Ser 10 , MSK1, and c-Jun are associated with the TFF1 promoter upon gene activation in TPAstimulated cells. We used the chromatin immunoprecipitation assay to determine the association of downstream effectors of the Ras/MAPK pathway on the endogenous TFF1 promoter. From RT-PCR results, we consistently observed that TFF1 expression peaked at 45 minutes of estradiol treatment and at 30 minutes of TPA treatment of MCF-7 cells cultured under serum-and estradioldeplete conditions. Furthermore, steady-state level of H3 pS10 . AP-1 binding site is important for the TPA-mediated response of the TFF1 promoter. A, description of the TFF1 5V -flanking proximal promoter region and the luciferase reporter plasmids containing either the wild-type TFF1 promoter, the AP-1 mutant TFF1 promoter, or the ERE-mutant TFF1 promoter. B, MCF-7 cells were cultured in estrogen-depleted medium for 4 days and transfected with plasmids pTFF1-Luc (wt), pTFF1-DAP-1-Luc, or pTFF1-DERE-Luc alongside pCMXbgal for 24 hours before incubation in the presence or absence of 100 nmol/L TPA for another 24 hours. Luciferase and h-galactosidase assays were done where luciferase activities were normalized against h-galactosidase activities, and the induction was determined by normalizing against the activities before treatment. Columns, mean of triplicate readings; bars, SD.
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Cancer Res 2006; 66: (9 appeared at its maximum after 30 minutes of TPA induction in our studies (Fig. 2C) . Thus, we assessed the in situ association of transcription factors and H3 acetylation and phosphorylation at these time points. As a control for the chromatin immunoprecipitation assay, we showed that ERa was not associated with the intron A-exon 2 region of the TFF1 region in cells treated with estradiol (Fig. 6B) . As further controls for the assay, we confirmed the lack of amplification of the TFF1 promoter fragment in immunoprecipitations using anti-integrin antibodies and when the primary antibody was left out of the assay (Fig. 6A) . Semiquantitative analyses of PCR products from chromatin immunoprecipitation DNA were normalized against the input, and treated samples (E2 and TPA) were then compared with the untreated to acquire the fold induction. We found that after estradiol stimulation, there was an increase in ERa loading onto the TFF1 promoter (1.7-to 2.7-fold higher than untreated, n = 6), an elevation in H3 acetylation levels (1.1-to 1.8-fold than untreated, n = 5), and a modest increase in the levels of c-Jun (1.1-to 3-fold than untreated, n = 5) and MSK1 (1.1-to 3-fold higher than untreated, n = 6), which coincided with a modest increase in H3 pS10 (1.2-to 4-fold than untreated, n = 8; Fig. 6A ). Upon TPA stimulation, there was a prominent recruitment of c-Jun and MSK1 (3.3-to 6-fold, n = 5 and 1.4-to 6-fold higher than untreated, n = 6, respectively) to the TFF1 promoter and increased levels of H3 pS10 (1.5-to 5.7-fold higher than untreated, n = 8). These results show that whereas both estradiol and TPA can activate the TFF1 gene, these stimuli follow alternative routes to induce TFF1 transcription.
Discussion
TFF1 is a prognostic marker for breast and other cancers (29, 30) . In agreement with previous studies, we show that the TFF1 is stimulated by estradiol and TPA in MCF-7 cells. However, these stimuli act through different pathways. Estrogen acts through the ER, which binds to the TFF1 promoter, resulting in increased H3 acetylation in agreement with other studies (31, 32) We observed that MSK1 was associated with the estrogeninduced TFF1 promoter, resulting in increased H3 phosphorylation. Although ERKs were not activated in the estrogen-induced cells, there was an increase in activated phospho-p38, which will activate MSK (33) . However, the enzymatic activity of MSK1 is not required for estrogen-induced expression of the TFF1 gene as H89, a potent MSK inhibitor, did not reduce TFF1 expression. In contrast, TPA-induced TFF1 gene expression was attenuated with H89 and was prevented with the MEK inhibitor. In contrast to events occurring in the estrogen-induced expression of TFF1, ERa was not bound to the TPA-induced TFF1 promoter. Our results provide evidence that TPA activation of the Ras/MAPK pathway results in the activation of MSK1, which is associated with the TFF1 promoter, leading to the phosphorylation of H3 at S10. The AP-1, which is required in the TPA-induced expression of the TFF1 promoter, may be involved in the recruitment of MSK to the TFF1 promoter. A recent study identified two AP-1-like elements in the Nur77 promoter as the MSK response element, a result that is consistent with AP-1 being involved in the recruitment of MSK (34) . These results show that estradiol and TPA elicit transcriptional activation of the TFF1 gene via alternative routes: estrogen-induced expression occurs through recruitment of ERa, whereas TPA-induced expression requires AP-1 recruitment, leading to MSK1 loading and H3 phosphorylation on TFF1 promoter. Similar to our results with TFF1, induction of the Hsp70 gene by heat shock or arsenite operates through different pathways and results in different histone modifications; H4 acetylation in the case of heat shock induction and H4 acetylation and H3 phosphorylation for arsenite (35) .
Phosphorylation of H3 on S10 and S28 is important not only during mitotic chromosome condensation but also in transcriptional activation of immediate early genes. Others and we have previously showed that these two modifications exist independently on separate mouse fibroblast chromatin domains upon activation of the Ras/MAPK pathway, and that MSK1 and MSK2 are the kinases responsible (3, 18, 36, 37) . The mechanisms Figure 6 . Phospho-H3 at Ser 10 , MSK1, and c-Jun are associated with the TFF1 promoter upon gene activation with TPA. A, MCF-7 cells cultured under estrogen-and serum-deprived conditions were either untreated, treated with 10 nmol/L estradiol for 45 minutes, or treated with 100 nmol/L TPA for 30 minutes. Soluble chromatin from the samples was released by cell lysis, sheared to an average of 500 bp, and used for immunoprecipitation with antibodies specific to H3 pS10, MSK1, acetylated H3, ERa, c-Jun, and integrin a or no antibody for control. Input represents the total chromatin before immunoprecipitation. A primer set spanning nucleotides À446 to À60 of the TFF1 promoter was used for PCR analysis (arrows). Fold induction after treatment. B, PCR analysis of the TFF1 intron A-exon 2 region using chromatin immunoprecipitation DNA isolated from anti-ERa immunoprecipitation was used as negative control. Arrows, location of primers in the TFF1 downstream region.
involved in MSK selecting to phosphorylate H3 at S10 or S28 are currently not known (37) . In contrast to TPA-induced H3 phosphorylation events in mouse fibroblasts, TPA treatment of MCF-7 cells resulted in the increased phosphorylation of H3 at S10 but not at S28. Human and mouse MSK will phosphorylate H3 at S10 and S28 in vitro. Thus, factors other than the MSK are likely responsible for the lack of H3 pS28 in TPA-induced MCF-7 cells.
A recent study directly links H3 pS10 to neoplastic cellular transformation through the activation of AP-1 factors (38) . Upon TPA stimulation of MCF-7 breast cancer cells, we found that the number of H3 pS10 foci increased, and these TPA-induced foci were positioned next to actively transcribed regions in the nucleus. Presumably, these nuclear sites represent the nuclear location of genes that are induced or in a competent state. Thus, growth factors stimulating the Ras/MAPK and increasing H3 pS10 at transcriptionally active loci may contribute to aberrant gene expression and breast cancer progression.
